ABSTRACT: Temperature dependent viscosity, conductivity, and density data of binary mixtures containing ethylene carbonate (EC) and 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)azanide (EMIM-TFSA) were determined at atmospheric pressure in a wide temperature range of (20 to 120)°C. Additionally, differential scanning calorimetry (DSC) measurements were performed from (−120 to +100)°C to characterize phase behavior of the mixtures. On the basis of the experimental data it is demonstrated that the lattice hole theory can be applied excellently to the conductivity data of the binary mixture EMIM-TFSA/EC. The viscosity data were fitted according to the Vogel−Fulcher−Tammann−Hesse (VFTH) equation and analyzed with the help of the fractional Walden rule. It is concluded that the mixtures can be classified as fragile according to ionicity. The aim of the study is to present fundamental physicochemical data about the mixtures as a basis for structure−property relationship-calculations of solvent mixtures or use as electrolytes for various applications.
■ INTRODUCTION
Ionic liquids have attracted great attention in the past few years based on their prospective physicochemical features and electrochemical properties. 1−8 However, the use of pure ionic liquids is often restricted based on the high viscosity of those liquids. Mixtures of ionic liquids and organic carbonates are therefore mentioned to be more suitable as alternative electrolyte solvents for use in various electrochemical approaches like lithium-ion batteries or supercaps based on their improve in safety and flammability. 9−13 An examination of the literature shows that comparatively few systematic studies about physicochemical properties of binary mixtures containing ionic liquids and organic carbonates have been performed so far. 14−22 However, systematic studies are highly necessary with reliable experimental proof for a better understanding of the chemical and physicochemical behavior of mixtures and for studying of the complex interplay between multiple ions and organic molecules in such mixtures. Such experimental data are the basis for the validation of theoretical calculations 23 and an evaluation of possible applications. The compounds 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)azanide (EMIM-TFSA; also known as bis(trifluoromethanesulfonyl)-imide (TFSI) 24 ) and ethylene carbonate (EC) are chosen based on their prospective properties for electrochemical applications such as conductivity, solid electrolyte interface (SEI) forming agent and safety improvement.
In this study, binary mixtures of EMIM-TFSA and EC are presented in detail. After a short introduction of the pure solvents and a short summary about literature results, the mixture EMIM-TFSA/EC is described with respect to fundamental DSC, density, and rheological and conductivity data.
■ EXPERIMENTAL SECTION
Materials. Ethylene carbonate, EMIM-TFSA, and Li-TFSA (see Table 1 ) were dried by using a coulometric Karl Fischer titrator. The reagents were placed into a Thermoprep oven (831 KF Coulometer and 860 KF Thermoprep oven from Metrohm, 120°C) and a continuous gas flow (dried air) was bubbled through the liquid. The water content of the gas flow was detected in the Coulometer below a water drift of <1 μg min −1 . After this drying procedure, the water content of was determined to be less than 20 ppm. The preparation of the mixtures was performed in an argon-filled glovebox (MBraun GmbH) with oxygen and water levels below 0.5 ppm. All the measurements were taken at atmospheric pressure (p) and are reported to 0.1 MPa with standard uncertainty (u) u(p) = 5 kPa.
Conductivity Measurements. The ionic conductivity of the mixtures was measured by the standard complex impedance method, using a Zahner Zennium IM6 electrochemical workstation in the frequency range from 1 kHz to 1 MHz. A 1.6 mL closed cell (850 μL solvent) from RHD instruments is used for the measurements. In the phase minimum of 0°, the impedance value |Z ⃗ | was used as ohmic resistance for calculating the specific conductivity κ according to κ = C/|Z ⃗ | with the cell constant of C ≈ 17 cm −1 . The exact cell constant (u(C) = 0.01· C) was received by measuring a standard solution (1.413 mS cm −1 at 25°C, Hanna Instruments, HI 70031). The RHD test cell was filled inside the glovebox to exclude water contamination.
Viscosity Measurements. Dynamic viscosity was measured using a Malvern Gemini HR Nano rotational rheometer. These experiments were performed by using a solvent evaporation protecting cover in air. Binary mixtures of EMIM-TFSA and EC were measured with 60/2°cone geometry for higher accuracy with a protection cap. Twentyfive values of the viscosity were measured equidistantly between a shear rate of γ̇= 70 s mPa·s for all measurements. It was verified between γ̇= 1−200 s −1 that the viscosity is independent of the sheer rate (Newtonian fluid). Density Measurements. The density of selected mixtures was obtained by a precision densitometer from Anton Paar (DMA4500M) in a temperature range of 20°C to 80°C. The test preparation in the measurement device, the mixtures are exposed to air for <5 s. The standard uncertainty of the temperature during the measurement was u(T) = 0.01°C.
DSC Measurements. The mixtures were investigated by differential scanning calorimetry (DSC) regarding their phase behavior (Netzsch DSC 204 F1 Phoenix , Al crucible closed). The measurements were carried out from −150 to 100°C at a heating rate of 10 and 20 K min −1 in argon atmosphere. Standard uncertainty u of the temperature is u(T) = 3 K.
■ RESULTS AND DISCUSSION
In this study, the binary mixture EMIM-TFSA/EC is investigated in detail. The chemical structures of the compounds are displayed in Figure 1 . All ratios are listed as wt/wt ratios, and an overview about both liquids compared to literature results is provided in Table 2 . It is observed that all mixtures remain in the liquid state at room temperature except for mixture 10:90 wt/wt EMIM-TFSA/EC (completely soluble at approximately 40°C).
The binary mixture EMIM-TFSA/EC is investigated regarding density, viscosity, phase transitions, and conductivity. Both solvents had been dried carefully before preparing the mixtures to exclude water traces which influence the measurements distinctly. At 20°C, density and viscosity values of the mixtures are continuously decreasing with increasing EC content. In contrast, the conductivity data run through a maximum value at 60:40 (EMIM-TFSA/EC).
Temperature dependent density values of the mixtures are depicted in Figure 2 and listed in Table 3 . The density d of a binary ideal mixture which is composed of solvent 1 (mass m 1 , density d 1 , volume V 1 ) and solvent 2 (mass m 2 , density d 2 , volume V 2 ) can be calculated according to eq 1. Here, the excess volume V E = V − (V 1 + V 2 ) which results from interactions between the molecules of the two solvents, is neglected.
The theoretically calculated values for ideal mixtures are depicted in Figure 2a for comparison (labeled as "fit"). It can be seen that the assumption of an ideal mixture is a good approximation for calculating the density of the EMIM-TFSA/ EC mixtures. In Figure 2b , the molar excess volume is plotted against the molar fraction of EMIM-TFSA for a more detailed analysis. The maximum relative deviations between the density of the measurement data and the results of eq 1 are 1.7‰ (40°C ), 1.9‰ (60°C) and 2.0‰ (80°C). The temperature dependency of the excess molar volume of EMIM-TFSA/EC mixtures is rather small (Figure 2b ). When small amounts of EC (from right to left in Figure 2b ) are added to EMIM-TFSA, a slight decrease of the molar excess volume is observed which can be explained by attractive interactions between EMIM-TFSA molecular aggregates and EC molecules. These attractive interactions can be caused by dipol−dipol interactions from oxygen (EC) to the imidazolium ring as well as hydrogen bonds between EMIM + and EC. In this case, the mixture becomes denser based on small EC molecules which are placed between larger EMIM-TFSA aggregates. By further increasing the amount of EC, a slightly positive molar excess volume is observed. It is supposed that the ionic EMIM-TFSA aggregates are segregated increasingly and the ions are coordinated less strongly in the mixture. In this case, a weakening of strong electrostatic interactions between EMIM + and TFSA − by EC can take place. However, all these effects are balanced in this solvent mixture because only small excess values are measured. 14 The larger value of the excess volume compared to EMIM-TFSA/EC mixture is supposed to result from larger molecules of BMIM-TFSA (vs EMIM-TFSA) and propylene carbonate (vs EC). Mixtures of EMIM-Et 2 SO 4 /PC are studied by Lehmann et al., where a maximum excess volume is received at similar molar ratios of χ IL = 0.696 to be V m E = −0.33 cm 3 mol −1 (at 25°C). 33 GeppertRybczynśka et al. investigated several solvents in binary mixtures with EMIM-TFSA. 28 Compared to literature values of V m E for EMIM-TFSA/organic solvent binary mixtures, 14, 28 the deviation from the ideal behavior is relatively small in the case of EC. The maximum values V m E for selected binary mixtures of EMIM-TFSA/organic solvents can be arranged (from positive to negative) in the order of DMSO > EC > acetonitrile > tetrahydrofuran 28 where the maximum value of V m E is obtained at χ (EMIM-TFSA) ≈ 0.3−0.4 for all solvents.
In Figure 3 , the results of DSC measurements between (−120 to +100)°C during cooling ( Figure 3a ) and heating ( Figure 3b ) are shown at a rate of 10 K·min . The values are listed in Table 4 . It is observed that pure EMIM-TFSA (see Figure SI -1 for detailed DSC measurement of pure EMIM-TFSA) exhibits two crystalline phases. On the basis of the results reported by Paulechka et al., the sequence of these phases can be assigned to crIV−crII−liq (from 123 to 373 K). 34 The phase transitions are extracted from DSC measurement at 5 K min −1 (crIV−crII at −16.2°C and crII−liq at −6.8°C; u(T) = 2.5°C). These temperatures are in accordance with the results without annealing before the measurement described by Paulechka et al. 34 It should be noted that these temperatures based on DSC measurements depend on scan rates and are determined at peak maximum.
The glass transition T g , which is a qualitative measure of the ion mobility and the ion−ion interactions, decreases continuously when the EC amount is increased (heating at 5 K· min −1 , Figure 4 , Table 4 ). This can be ascribed to the plasticizing effect of EC which is in accordance with the density 
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Article results (excess molecular volume). By adding EC to EMIM-TFSA, attractive electrostatic interactions between EMIM + and TFSA − ions decrease caused by a segregation of EMIM-TFSA aggregates, and a higher degree of molecular disorder arises. Similar trends had also been observed in binary mixtures of ammonium-based ionic liquids and EC or dimethyl carbonate (DMC). 16 In the binary EMIM-TFSA/EC mixture, a glass transition could be detected up to a mixture of 60/40 (EMIM-TFSA/EC wt/wt), whereas at higher EC concentrations no a The experimental pressure during the measurement inside the closed Al crucibles was not determined but estimated to be p = 0.1 MPa (u(p) = 10 kPa) at T ≪ T b (T b = boiling point). Additional data points (DSC results) are listed in the supporting information (Table  SI-1) . b DSC: heating/cooling at 10 K min −1 ; the peak maximum was chosen because of the heavily detectable onset of the T m . T K is extracted from Figure 3a (cooling cycle).
c The glass transition temperature is extracted from heating-up curves at 5 K·min −1 .
Article glass transition temperature could be observed (heating at (5− 20) K·min −1 ). It can be seen that during cooling a crystallization peak (T K ) exists up to 50 wt % EMIM-TFSA, whereas at higher EMIM-TFSA concentrations no crystallization peak is observed (also at 20 K min −1 ). For those mixtures, a recrystallization peak occurs during heating. Thus, mixtures of EMIM-TFSA > 50 wt % exhibit a supercooled melting during cooling at relative fast cooling rates of (10 to 20) K min ). For a more detailed analysis, additional mixture ratios are analyzed and a phase diagram is extracted ( Figure 5 ). It can be observed that the high melting point of EC can significantly be reduced by adding EMIM-TFSA. In the process, a melting point depression of EC on the order of some 10°C can be received easily (χ EMIM-TFSA = 0.2 corresponds to ∼50:50 wt %).
It should be noted that all mixtures exhibit an endothermic peak ( Figure 5 ) at −27.0°C which is independent of the mixture composition and which is not present in the pure compounds. This peak can be assigned to an eutectic composition at χ = 0.62 (mole fraction of EMIM-TFSA) which is also described for pyrrolidinium-based ionic liquid (IL)/EC mixtures at χ (IL) = 0.55. 20 However, the eutectic temperature is lower in the EMIM-TFSA/EC system than in the EC/N-methyl-N-pentylpyrrolidinium TFSA solvent mixture (∼ −17°C). 20 Such a eutectic behavior cannot be observed when lithium salts (e.g., lithium bis(trifluoromethanesulfonyl)azanide (LiTFSA or LiTFSI) are added to the solvent mixture (details are not shown here). Remarkably, the solid−liquid curves in the phase diagram ( Figure 5 ) exhibit a straight behavior instead of a convex shape as usually observed. Thus, the temperature-dependency of the solubility of EC in EMIM-TFSA as well as EMIM-TFSA in EC conforms to an almost linear behavior.
Temperature-dependent viscosity data of pure compounds and mixtures thereof are depicted in Figure 6 and listed in 
Article addition of EC significantly reduces the viscosity values of the ionic liquid EMIM-TFSA which can be attributed to the disturbance of the ionic liquid aggregates by the EC molecules (as seen accordingly from DSC and density measurements). The viscosity of a 2.2 M solution of EMIM-TFSA in EC is described by McEwen et al. 22 Although the concentration can only be estimated (no density values were provided), the concentration can be assumed to be ∼60:40 wt % (EMIM-TFSA/EC). They proposed a viscosity value of 5.8 mPas (26°C ) which is in good accordance with the values listed in Table  4 .
The viscosity data are fitted according to the Vogel− Fulcher−Tammann−Hesse (VFTH) eq 2 for describing and characterizing the molecular motion.
35−37 η 0 is the limiting viscosity, B is a fitting parameter, D is the Angell strength parameter (D = B/T 0 ), T 0 is the ideal glass transition temperature, and T is the absolute temperature. Additionally, the temperature dependence of the viscosity η(T) can be discussed based on the fragility concept. 38−40 The fitting data for temperature-dependent viscosity values are listed in Table 6 .
A free fit without applying additional data points at the glass transition temperature was performed within good correlations of R 2 ≥ 0.9994. In the fitting procedure, an Angell strength parameter D of 3.8 < D < 7.1 (fragile for D < 30) 40 and a fragility factor m of 99 < m < 171 are received. Pure EMIM-TFSA is already investigated by Schreiner at al. in which comparable values of η 0 (here, 18.2 × 10 −2 mPas vs 22.72 × 10 −2 mPas), B (here, 654 K vs 684 K) and T 0 (here, 172 K vs 160 K) are obtained (for standard uncertainties see Table 6 ). 30 The pure ionic liquid 1-butyl-3-methylimidazolium TFSA (BMIM-TFSA) was studied by Harris et al. 41 In this case, the following values were obtained: η 0 = 16.3 × 10 −2 mPas; B = 766.3 K; T 0 = 164.7 K; D = 4.7. 41 Thus, an increase in fitting value B can be observed when the alkyl chain length of the ionic liquid is larger which is equal to an increase in value D. Therefore, the behavior of the ionic liquid becomes a little stronger. Taken all together, the binary EMIM-TFSA/EC solvent mixtures can be classified as fragile (D < 30) 38,39 in accordance with ionic liquid-based mixtures studied in literature. 13, 30, 42 The ionic conductivities of the binary mixtures are shown in Figure 7 , and all data are listed in Table 7 . By adding EC to the ionic liquid EMIM-TFSA, the ionic aggregates become more and more loosened which result in an increase in the ionic conductivity. This is in good accordance to the density, viscosity, and DSC data described before. The maximum temperature dependent conductivity value is received at EMIM-TFSA mole fraction of χ ≈ 0.3 (fraction n(EC)/ n(EMIM-TFSA) = 2.4; n = amount of substance) which corresponds to weight ratios of 60:40 to 70:30 (EMIM-TFSA:EC). At high EC concentrations (χ (EC) > 0.7; > 40 wt % EC), the molar conductivity value decrease rapidly. The different regimes are described for solvent−ionic liquid mixtures, namely, the neat ionic liquid regime, organic carbonate as dilute solvent, the IL as electrolyte in solution and pure organic solvent. 20, 43 EC as a dipolar solvent is able to react closely with charged IL head groups as well as IL nonpolar domains. Its associating power allows it to form dipol−dipol and hydrogen bonds (IL-[H] to EC- [O] ) to the ionic IL domains such that ion aggregation and correlated motion of EMIM-TFSA becomes reduced. 20, 43 Starting from pure EC, the 
Article ionic conductivity is very small at the beginning. The strong increase after adding small amounts of EMIM-TFSA (low χ (EMIM-TFSA) values) results from a typical salt in solvent behavior up to a maximum value. A further increase in the EMIM-TFSA concentration results in an increase in ion−ion interactions and ionic aggregates which reduce the ionic mobility as well as the ionic charge carriers. This leads to a reduction of the ionic conductivity value at high EMIM-TFSA concentrations.
The qualitative temperature dependency of the conductivity data of the mixtures is comparable to literature results for binary ionic liquid/organic solvent mixtures. 14, 15, 20 In BMIM-TFSA:PC mixtures, the temperature-dependent maximum value of the conductivity is obtained around χ BMIM-TFSA ≈ 0.2 (fraction n(PC)/n(BMIM-TFSA) = 3.8).
14 Likewise the maximum of conductivity is obtained at χ BMIM-BF4 ≈ 0.18 for BMIM-BF 4 /PC. 15 The conductivity of mixtures of ionic liquids and relatively small molecules which exhibit high relative permittivity can be fitted according to the lattice-hole theory (eq 3) where κ is the conductivity, κ IL is the pure ionic liquid conductivity, φ the volume fraction, and κ 0 a fitting parameter which accounts for hydrodynamic and ionic atmosphere relaxation. 44 Principally, the lattice-hole model presented by Woodward et al. is based 
Article upon a geometrically lattice model and can be used to evaluate the conductivity of a binary solvent/ionic liquid mixture. 44 A better verification of the correlation can be achieved by using a second fitting parameter κ 1 instead of κ IL . In this manner, a comparison of the fitting value κ 1 and κ IL can be seen as another proof of the lattice-hole concept.
In this study, EC exhibits a dielectric constant at 40°C of ε r = 89.6. Although the assumptions which were done during the derivation of eq 3 allow a qualitative description only, the data could be fitted with high accuracy. The results of the fittings according to eq 3 are depicted in Figure 8a where fitting values of κ 0 = 56. , κ 1 = 26.1 mS·cm −1 (80°C; u r (κ 0 ) = 0.017; u r (κ 1 ) = 0.034; u(T) = 0.05 K). On the basis of these results, the calculated values of κ 1 (including the standard uncertainty of the fit value) are almost in the error range of the measured values of κ EMIM-TFSA . This demonstrates that the lattice-hole theory is valuable for the binary system EMIM-TFSA/EC and can be applied to the experimental data with high accuracy, even at higher temperatures. Compared to mixture BMIM-TFSA/PC, 14 a much better correlation is obtained for the EMIM-TFSA/EC mixture which could be explained by a smaller molecular size and a higher dielectric constant of EC compared to PC.
Walden plots display the logarithm of molar ionic conductivity as a function of the logarithm of fluidity which is the inverse of viscosity (eq 4, Figure 9a ). For linear fittings of binary mixtures, the limiting molar conductivity Λ m 0 was replaced by the molar conductivity Λ m IL , which consists of the amount of substance of the ionic liquid EMIM-TFSA n IL to the total molar conductivity. 13 Accordingly, the ionic molar conductivity Λ m IL is composed of the temperature-dependent specific conductivity κ, the temperature-dependent density d of the mixture, and the total mass m (eq 5).
The fittings are plotted in Figure 9b and suggest an almost identical slope of a = 0.79 for the mixtures (R 2 > 0.997; slope of pure EMIM-TFSA a = 0.75; u(a) = 0.015·a). Deviations from the ideal line for classical dilute aqueous solutions (depicted in blue color in Figure 9a ) are caused by correlations between the molecules/ions which result in different contributions to viscosity and conductivity. 7, 38, 45 Here, the concept of ionicity was introduced to quantify such deviations from the ideal behavior. 7, 46 The pure ionic liquid EMIM-TFSA is close to the ideal line in accordance to literature results of ionic liquids. 7, 30, 38, 47, 48 This led to the assumption that each ion in EMIM-TFSA is close to equally influenced by all of its neighbors and isolated ion pairing between anions and cations does not occur. 7 It is observed that negative deviations Δ, from the ideal line arise with increasing EC content in the mixture. Thus, stronger correlations, which influence either viscosity or conductivity, exist in the mixtures. This is also supported by comparing conductivity and viscosity data ( Figure 10 ] ion pairing, and the viscosity of the mixture declines. A second effect, which influences the conductivity and causes a negative deviation Δ with respect to the ideal line in the Walden plot, is the attenuation of the external electric field by charged ionic species inside the solvent. 7 This effect is even more pronounced if the concentration of the ionic species is high (at high mole fractions of EMIM-TFSA). Thus, at least two contrasting effects result in the deviation from the ideal line in the Walden plot.
■ CONCLUSION
This study presents temperature-dependent data of conductivity, viscosity, and density of the binary mixtures composed of EMIM-TFSA and EC. Additionally, DSC measurements are performed for evaluating the phase behavior of the mixtures in a temperature range of (−150 to +100)°C. It is shown that the mixtures can be classified as f ragile according to the fragility concept. The lattice hole theory can be used to fit temperaturedependent conductivity data of binary EMIM-TFSA/EC mixtures with high accuracy. It could be shown that the addition of ethylene carbonate to the ionic liquid EMIM-TFSA causes the segregation of EMIM-TFSA ionic aggregates which influences the physicochemical behavior of such mixtures. The data can be used as experimental proof for theoretical calculations of molecular structures and should be a helpful data set for applications in electrochemical and physicochemical approaches. 
